Abstract
I. INTRODUCTION
The intrinsic spin density imbalance between minority and majority carriers in ferromagnetic materials [1] allows for its application as spin polarized electrodes in spintronic devices with main applications in magnetic sensors, as for instance spin valves [2] and magnetic tunnel junctions [3, 4] or in fundamental investigations of spin logic devices [5] [6] [7] . Among the ferromagnetic materials iron stands out due to its high saturation magnetization, high curie temperature [8] , enhanced spin asymmetry [9] and low lattice mismatch with spintronic suitables substrates, as for instance the case of (100) silicon and magnesium oxide [10] . Another iron-related feature is the possibility of its oxidation to the half metallic magnetite [11] , to which is assigned full bulk spin polarization and low impedance mismatch with semiconductor interfaces, both fundamental characteristics for good spin polarized current injection [12] .
Structural and morphological characteristics of ferromagnetic materials can affect their magnetic response, e.g. typical magnetic anisotropy [13] or inhomogeneous magnetostatic field near a ferromagnetic interface [23] . In order to investigate such effects static and dynamic magnetization characterizations are often carried out. While static magnetization data provides physical properties of magnetic nanostructures such as saturation magnetization, remanence and coercivity [14] , dynamic magnetization measurements can be used to assess magnetic anisotropy, spin splitting g-factor, high-frequency loss magnetization relaxation, and magnetic inhomogeneity [15] [16] [17] [18] . Dynamic magnetization measurements can be performed via magnetic resonance experiments, which are characterized by the onset of absorption peaks when the incident microwave frequency matches the spin precession frequency.
In nanostructured and ferrite-based materials (e.g. nanoparticles and microwires) [19] [20] [21] a low-field microwave absorption (LFMA) band is usually observed in non-saturated remnant states, which is mainly attributed to the high random anisotropy found in these systems [22] .
In the present study we report on the use of the electrodeposition technique to fabricate ironbased nanoclusters of ferromagnetic electrodes on lightly-doped n-type silicon substrates.
This technique is one of the most suitable to fabricate ferromagnetic deposits on silicon substrates, particularly due to the low contamination profile achieved, large scale production availability, and low cost. Our goal is to carry on the electrodeposition of iron on high resistive substrates, characterize the magnetic properties of the as-deposited materials and investigate the spin injection and transport properties in the silicon using local magnetore-3 sistive measurements in the non-electrically percolated iron nanoclusters regime.
II. MATERIALS AND METHODS
The electrodeposition of the ferromagnetic nanoclusters was carried out on lightly-doped 1k Ω.cm n-type (100) silicon substrate in a delimited area of about 0.5 cm 2 . Preparation of the bath solution for the electrodeposition, (containing 0.5M Fe 2 SO 4 and 0.5M NaSO 4 ), followed the protocol described in the literature [24] whereas the pH = 2.5 of the bath solution was controlled by sulfuric acid addition. A set of samples, with different deposition time, were produced in the potentiostatic mode using a short nucleation time process ( The crystallographic structure of the deposits was assessed by X-ray diffraction (XRD) measurements. XRD patterns were recorded using the Bruker D8 Discover Diffractometer equipped with the Cu Kα radiation (λ = 1.5418Å). The diffraction patterns were obtained at angles between 35 o and 90 o (2θ). The films morphology were investigated by field-emission scanning electron microscopy (FEG-SEM), whereas the magnetization loops and the magnetic resonance spectra were recorded using a vibrating sample magnetometer and a X-band spectrometer (Bruker EMX PremiumX equipped with the ER 4102ST resonator), respectively. For the magnetoresistive measurements (2x4 mm GaIn alloy) two probe ohmic contacts (separated by 2 mm) were painted on the samples and connected by conventional Copper wires.
III. RESULTS AND DISCUSSIONS
Figures 1a and 1b present the images of the ferromagnetic samples obtained after shorter cubic-shaped nanoclusters with good homogeneity in size, more likely achieved due to the initial nucleation process performed at low potential (-1.2 V). Due to the low iron-content in the as-deposited samples improved signal detection and/or peak-to-noise ratio associated to the iron reflections was achieved using low incident angle XRD. Therefore, as presented in Figure 2 , the XRD spectrum was recorded using the iron sample deposited during 60 sec where the three XRD peaks associated with the (011), Moreover, the 60 sec as-deposited iron sample exhibited preferential orientation along the (011) crystal plane. In order to investigate the samples behavior in regard to the spin injection, transport and detection we have performed local magnetoresistive measurements. Figures 4a and 4b show the magnetoresistance measurements recorded from the as-deposited iron sample with the deposition time set to 15 sec with the external magnetic field applied in the in-plane configuration but longitudinally and transversely oriented with respect to the applied DC electric current (1 mA), respectively. Figure 4c presents the magnetoresistance measurement recorded from the same sample (15 sec deposition time) with the external magnetic field applied in the out-of-plane configuration and therefore perpendicular to the applied DC electric current. The isotropic magnetoresistance response of the investigated sample, similar to the behavior observed in the ferromagnetic/non-magnetic multilayers [25] and granular magnetic samples [26] [27] [28] , suggests successful spin injection and detection once at low external magnetic field the highest resistance can be associated with the random in-plane clusters magnetization. The random in-plane cluster magnetization increases the resistance of both majority and minority spin channels [29] whereas the cluster ferromagnetic orientation by the external applied magnetic field decreases the measured resistance and enables electric spin polarized current flowing from iron clusters throughout the silicon substrate. In comparison with the typical values found for spin valves or tunnel junctions the low value of the herein measured magnetoresistance (∼0.1%), calculated from the difference between the maximum and minimum measured resistances, is attributed to the large spatial separation among clusters which is about the same order of magnitude of the values predicted for the silicon spin diffusion lengths [7, 30, 31] , high impedance mismatch in the ferromagnetic/semiconductor interface due to the high resistivity of the silicon substrate and higher rates of spin mixing in the thick depletion layer present in highly-resistive semiconductors [32] .
For comparison, ( Figure 5 ) presents the magnetic hysteresis cycle (Figure 5a) , the cy- comparison of the data presented in Figure 5 shows that the broad magnetic resonance line absorption vanishes at the field range where saturation in both magnetoresistance and magnetization occurs, thus supporting the model picture for the origin of the broad magnetic resonance absorption arising from the nonsaturated anisotropic magnetization. The magnetoresistance measurements suggest the increase in the current spin polarization while under the external applied magnetic field, random magnetization with high rate of spin mixing and, consequently, low spin polarization at zero applied field. Ferromagnetic switch around the coercive field matches the observed magnetoresistance peaks. The origin of the magnetoresistance effect mentioned above is closely related to the field dependence of the spin dynamics, as observed in the magnetic resonance measurements [33, 34] . This finding allows contactless analysis of the magnetoresistance effect using magnetic resonance measurements, preventing realization of electric contacts for magnetoresistive measurements in all investigated samples. external magnetic field applied perpendicularly to the electric current (out-of-plane).
IV. CONCLUSION
In conclusion, the electrodeposition technique was successfully used to grow iron-based ferromagnetic ordered nanostructures on high resistive silicon substrates. Based on the magnetic properties herein reported we envisage that the iron/silicon interface in the as-growth nanostructures might have promising application in future spintronics logic devices. Particularly interesting is the low impurity content achieved while using the electrodeposition technique and lightly-doped silicon, leading to low spin mixing centers and promising spin polarization improvement with possibility of half metallic magnetite formation via oxidation. Additionally, the magnetoresistivity characterization assessed via magnetic resonance is herein introduced as a very promising non-contact technique for easy investigation in this material system.
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